Haloperidol is one of the most widely used antipsychotic drugs in the treatment of schizophrenia, mania and other psychiatric disorders (1). Chemically, haloperidol (Hal) is 4-[4-(4-chlorophenyl)-4-hydroxy-1-piperidinyl]-1-(4-fluorophenyl)-1-butanone. The drug has six known related compounds specified as impurities: 4-(4-chlorophenyl)-4-hydroxy A rapid resolution reversed-phase high performance liquid chromatographic (RR RP-HPLC) method has been developed and validated for simultaneous determination of haloperidol and six related compounds. Investigated matrix was a laboratory mixture of a therapeutic active substance haloperidol and its six related compounds in concentration ratio 300:1. Experimental design was used during method optimization (full factorial 2 3 design) and robustness testing (Central Composite Circumscribed design). Three factors: organic phase variation during gradient elution, flow rate and gradient rise time were independent variables. To estimate the system response during the optimization procedure and robustness testing, resolution (R s ) and a chromatographic response function (CRF) were used. Chromatography was performed with the mobile phase containing phosphate buffer pH 6.5 and acetonitrile as organic modifier. Separation was achieved using gradient elution (organic phase fraction changed linearly from 20 to 72 %) over 7 min. A Zorbax Eclipse XDB C18 Rapid Resolution HT 4.6 mm´50 mm, 1.8 mm particle size, column was used at 25°C at a flow rate of 1.5 mL min -1 . UV detection was performed at 230 nm. The total time for chromatographic separation was 5.5 min with a total analysis time of 7.0 min. The method was validated for its linearity, precision, modal recovery and robustness.
A literature search has shown several analytical methods for analysis of antipsychotic drugs, including haloperidol, in biological fluids (2, 3) , spectrophotometric methods for the determination of haloperidol (4) , an adsorptive stripping voltammetry assay for determination of haloperidol in bulk form (5) , an HPLC method for determination of haloperidol and its metabolites in plasma (6) . Although some RP HPLC methods have been developed for the degradation study of haloperidol (7, 8) , there are no references in the literature concerning chemometrics approach to the development and validation of the RR RP-HPLC method for simultaneous determination of haloperidol and related compounds specified as impurities. This paper describes the development and validation of a rapid, simple and robust RR RP-HPLC method for simultaneous determination of haloperidol and the above mentioned related substances using a design of experiments (DoE) approach. Development and validation of the method were performed using the experimental design for method optimization and robustness testing. Applying the chemometrics approach enables a relatively limited number of experiments to define factors which affect the chromatographic behavior of investigated substances and to obtain optimum conditions for their analysis.
EXPERIMENTAL

Chemicals and reagents
Acetonitrile, ACN (gradient grade, Merck, Germany), water (HPLC grade), potassium dihydrogen phosphate, KH 2 PO 4 , (analytical grade, Merck, Germany) and 10 % orthophosphoric acid were used to prepare the mobile phase. Methanol (analytical grade, Merck, Germany) was used as solvent. Phosphate buffer solution (0.025 mol L -1 ) was prepared by dissolving potassium dihydrogen phosphate in water; pH was adjusted to 6.5 with 10 % orthophosphoric acid. Haloperidol, 4-(4-chlorophenyl)-4-hydroxy piperidine (Imp. 1), 
Preparation of standard and test solutions
Standard stock solutions were prepared by dissolving the respective working standard substances in methanol to obtain the concentration of 200 mg mL -1 for haloperidol and 20 mg mL -1 for all related compounds (Imp. 1, Imp. 2, Imp. 3, Imp. 4, Imp. 5 and Imp. 6). The standard stock solution was diluted with methanol to obtain working stan-dard solutions. The test solution contained a mixture of haloperidol and related compounds in a concentration ratio corresponding to ICH recommendations (9) . The test solution contained 30 mg mL -1 haloperidol and 0.1 mg mL -1 . Injection of individual working standard solutions (containing only one compound) was used for peak identification. Only chromatograms acquired with the test solution were used in the calculation of chromatographic responses.
Apparatus
Agilent Rapid Resolution HPLC system, 1200 series (consisting of a binary pump SL, a diode array detector SL and column compartment TCC SL) was used. The samples were introduced through a high performance auto sampler SL (HIP-ALS SL). A single UV absorbance was measured at 230 nm. The peak areas were integrated automatically with the Windows NT based LC ChemStation Software. The MODDE 8.0 Software for the design of experiments and optimization (Umetrics, Umea, Sweden) was used for generation and evaluation of the experimental designs.
Chromatographic conditions
Separations were performed using a column Zorbax Eclipse XDB C18 rapid resolution high-throughput (RR HT) 4.6 mm´50 mm, 1.8 mm particle size, at 25°C. Injection volume was 10 mL. UV detection was done at 230 nm. All mobile phases were filtered through a 0.2-mm Millipore filter.
Validation procedure
To study the linearity of the response, a series of working standard solutions of 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 mg mL -1 for haloperidol and of 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45 and 0.50 mg mL -1 for each related compound were prepared. The linearity of peak area response vs. concentration was studied. The correlation graph was constructed by plotting the peak area obtained under optimized conditions. Precision and e r were assessed using three different working standard solutions (5, 25 and 50 mg mL -1 of haloperidol; 0.05, 0.25 and 0.50 mg mL -1 of each related compound). Five determinations were carried out for each solution.
For wavelength selection, standard solutions of 30 mg mL -1 for haloperidol and 0.1 mg mL -1 of each related compound were prepared.
Optimization
Full factorial 2 3 design was applied to optimize the separation of a mixture of haloperidol and its impurities. Organic phase variation during gradient elution, flow rate and the gradient rise time were investigated at three different levels each.
Robustness testing was performed in accordance with Central Composite Circumscribed (CCC) Design. Three basic gradients were tested where the ACN content in the mobile phase was varied from 20 to 80 %, from 20 to 70 % and from 20 to 60% (V/V), respectively. The gradient rise time was varied between 5 and 10 min. Flow rate was varied from 1 to 2 mL min -1 . For estimation of the system response during optimization procedure and robustness testing, resolution (R s ) and a chromatographic response function (CRF) were used as response factors.
RESULTS AND DISCUSSION
Optimization of separation of a mixture of haloperidol and its impurities
Haloperidol, Imp. 1, Imp. 2, Imp. 4, Imp. 5 and Imp. 6 have basic properties. Imp. 3 is monoprotic acid. Imp. 2, Imp. 4, Imp. 5 and Imp. 6 are process related impurities and possible degradation products. Imp. 1 and Imp. 3 are hydrolytic products of haloperidol (Fig. 1 ). Because of their similar structure, separation of the related substances and haloperidol is very difficult. Similar affinity to the stationary phase, low symmetry of peaks and long retention time characterize the RR RP-HPLC analysis of these substances. The reported RP HPLC methods for simultaneous determination of haloperidol and related compounds describes RP HPLC procedures employing various C18 columns, mobile phases with low pH and addition of triethylamine to the mobile phase to improve the sharpness of the haloperidol peak (7, 8) . As the objective of the investigation was to resolve haloperidol and related impurities in a short analysis time with no compromise in resolution, sensitivity and robustness, the Eclipse XDB C18 rapid resolution highthroughput, 4.6 mm´50 mm, 1.8 mm particle size column was used. The Eclipse XDB column is extra densely bonded and double end-capped and it can be used over a wide pH range. Columns with short (50 mm) length and 1.8 mm particle size provide very high resolution in a short analysis time (10, 11) . During preliminary investigations, chromatographic behavior of haloperidol and its related substances was examined using the mobile phase of different polarities. Several mobile phases containing 0.025 mol L -1 phosphate buffer systems with different pH values were tested. It was observed that pH variations between 2.5 and 6.5 led to an increase of the resolution between all investigated compounds which behave as bases, while the resolution between peaks of Imp. 2 and Imp. 3 decreased with increasing pH, as expected (8) . Considering the pK a value of haloperidol (pK a = 8.3) and structure similarity of related compounds, pH value of 6.5 was chosen. Several mobile phases containing acetonitrile and buffer at pH 6.5 were examined where the composition of the organic phase was varied from 20:80 to 80:20 (organic phase/buffer, V/V). The best result was obtained using the mobile phase containing 60:40 (organic phase/buffer, V/V), but the peaks of Imp. 1/Imp. 2 and Imp. 4/Imp. 5, were not very well resolved. Thus, that gradient elution seemed necessary in order to achieve sufficient resolution. We have used a full factorial 2 3 design for simultaneous three-factor optimization of the separation of a mixture of haloperidol and its impurities. The method is based on modeling the resolution (R s ) using a polynomial of three factors according to a rectangular design. The three factors varied were: organic phase variation during gradient elution (x 1 ), flow rate (x 2 ) and the gradient rise time (x 3 ), investigated at three different levels each. The experimental domain was defined and a zero-level (center), in which all variables are fixed at their mean value, was included in order to minimize the risk of missing non-linear relationships (12) . A minimum obtained value of individual R s values of 2.5 was used as a selection criterion. Eleven experiments were carried out and R s values of all consecutive peak pairs were calculated. The total number of detected peak pairs was six: (1) Imp. 1/Imp. 2; (2) Imp. 2/Imp. 3; (3) Imp. 3/Hal; (4) Hal/Imp. 4; (5) Imp. 4/Imp. 5; (6) Imp. 5/Imp. 6. The elution order did not change with the mobile phases tested. The R s values of obtained peak pairs in gradient elution using different composition of the mobile phase and different gradient time are presented in Table I .
In the full factorial 2 3 experimental design, a linear mathematical model of the measured response is often applied for the evaluation of the influence of investigated factors. An often used linear model is: Values of coefficients b 2 for the first (Imp. 1/Imp. 2) and the fifth (Imp. 4/Imp. 5) peak pairs, and especially the values of coefficients b 1 for all peak pairs, demonstrate that separation of the investigated substances as measured by the R s values is most affected by the organic phase variation during gradient elution (x 1 ) and gradient rise time (x 3 ). Values of the coefficients for the two-factor interaction, b 13 for the first (Imp. 1/Imp. 2) and the fifth (Imp. 4/Imp. 5) peak pairs, confirmed the main factor effects. Flow rate of the mobile phase had low influence on the investigated system responses. In order to investigate the chromatographic behavior of the investigated substances for the given experimental range and to define the optimum separation conditions, further optimization of the method was performed using response surface methodology (RSM). This is a collection of mathematical and statistical techniques useful for analyzing problems where several independent variables influence a dependent variable or response and the goal is to optimize this response (14) . A chromatographic response function (CRF) was used for optimizing the separation quality of haloperidol and its impurities in such a way, that maximum resolution with the minimum assay time was obtained. The CRF is a coefficient which characterizes the quality of separation in a quantitative manner. Preferably, a flexible function that allows resolution criteria to be specified (15) . The corresponding terms in the chromatogram are then compared to these criteria. In this work, a very simple but very useful CRF is used:
where R s (i,i+1) is the resolution between peak no. i and peak no. i+1.
Minimum value of individual R s value obtained of 2.5 as a selection criterion was used. The total number of detected peak pairs (L) was six. CRF values were calculated for all eleven experiments (Table I ) and a contour diagram was constructed (Fig. 2) . Con- The obtained results clearly show that the organic phase variation during gradient elution had the strongest influence on the resolution factor, yielding sufficient resolution: organic phase variation during gradient elution from 20-69 to 20-76 %, V/V (see Fig. 2a and 2b) , in gradient rise time from 6.5 to 7.5 mL min -1 (Figs. 2a and 2c ) and in flow rate from 1.3 to 1.6 mL min -1 (Fig. 2c) . The best result, which corresponds to high CRF values was obtained using the mobile phase containing ACN as organic modifier and phosphate buffer pH 6. gradient rise time of 7 min and flow rate of 1.5 mL min -1 at 25°C. The representative chromatogram of the test solution obtained under optimized conditions is represented in Fig. 3 . Resolution between peaks of Imp. 1/Imp. 2 and Imp. 4/Imp. 5 were 3.19, and 2.76, respectively. All respective compounds were clearly separated and their corresponding peaks were sharply developed. Separation was obtained in 5.5 min. The chromatographic parameters for the representative chromatogram are given in Table III .
Validation
After establishing the optimal conditions for separation, linearity, precision, modal recovery, limit of detection and limit of quantitation were determined for all investiga- (4) haloperidol; (5) Imp. 4; (6) Imp. 5; (7) Imp. 6. a -intercept, b -slope, R 2 -coefficient of determination, DL -limit of detection, QL -limit of quantitation.
ted substances. Limit of detection values were determined at a signal-to-noise ratio of 3 (S/N = 3) and limit of quantitation values at S/N = 10. Important calibration curve parameters: slope (a), intercept (b), coefficient of determination (R 2 ), as well as limit of detection (DL) and limit of quantitation (QL) are given in Table IV .
Values obtained from precision and e r determinations indicate that the assay was precise RSD range from 1.2 to 1.9 % for haloperidol and from 1.2 to 2.7 % for its related compounds; recovery values from 99.2 to 102.0 % for haloperidol and from 98.9 to 102.4 % for the related compounds were estimated for favourable model. The results are given in Table V . a Mean ± SD (n = 5).
As defined by the ICH (27), robustness of an analytical procedure refers to its capability to remain unaffected by small and deliberate variations in method parameters. In order to study simultaneous variations of the factors on the considered responses, a multivariate approach using a design of experiments is recommended in robustness testing (17, 18) . Central Composite Circumfacited (CCC) design required 2 k + 2k + n = 17 runs, where k is the number of parameters studied (k = 3) and n is the number of central points included (n = 3). Three repetitions are generally carried out in order to know the variance of the experimental error and to test the predictive validity of the model (12, 18) . The experimental plan is reported in Table VI. The values used at the zero (0), high (+1) and low levels (-1) are shown in Table VII . The ranges examined were small deviations from the method settings and the considered response was the measured resolution (R s ) between each peak pair. CRF was calculated for all 17 runs and was used for evaluation of the influence of the factors variation on the separation quality of haloperidol and its impurities. The results are shown in Fig. 4 .
The plot consists of bars that correspond to regression coefficients with the magnitude of the effects proportional to regression coefficients. The 95 % confidence limits are expressed using error bars. The results show that the separation under the examined conditions was principally influenced by the organic phase variation during gradient elution and gradient rise time. They both have a positive effect on the CRF, which means that an increase of the percentage of acetonitrile in the mobile phase or an increase of the gradient rise time increase the resolution between all peak pairs. The influence of the flow rate of the mobile phase was not significant. No major interactions were found. Statistical analysis of the model gave a R 2 value (the fraction of variation of the response that can be explained by the model) of 0.99 and a Q 2 value (the fraction of variation of the response that can be predicted by the model) of 0.95. In conclusion, of the analysis confirms that the method is robust for all factors investigated. The statistical analysis showed that the variation of CRF was correctly related to the variation of factors, showing a good agreement between experimental and predicted values.
CONCLUSIONS
The methodology proposed represents an efficient and easily accomplishable approach to resolving the problem of searching for optimum RR RP-HPLC conditions. The linear model obtained demonstrates a strong influence of the organic phase variations during gradient elution and smaller, but significant, influence of the gradient rise time on the resolution between investigated substances. Valuable information about the robustness of the method was obtained by CCC design, using resolution as an important component of CRF. The proposed RR RP-HPLC method permits simultaneous determination of haloperidol and its related compounds, specified as impurities, due to good separation and resolution of the chromatographic peaks and robustness towards reasonable changes in chromatographic parameters. The method is a simple, rapid and robust assay for impurity determination and can provide adequate linearity, precision and relative error. The developed method allows determination of haloperidol, its purity and level of impurities in drug substances. Thus, purity of the active substance, level of impurities, and a total chromatographic purity can be determined in a single analysis.
